Background: Estrogen receptor ␣ (ER␣) mediates the effects of 17␤-estradiol in mammary gland, and it is associated with the development of breast cancer tumors. Results: Tristetraprolin (TTP) represses ER␣ transactivation through its interaction with histone deacetylases. Conclusion:TTP acts as a novel ER␣ corepressor. Significance: TTP reduces estradiol-induced cell proliferation and tumor growth, suggesting it may be important in breast cancer development.
Estrogen receptor ␣ (ER␣) mediates the effects of 17␤-estradiol (E2) in normal mammary gland, and it is a key participant in breast cancer tumor development. ER␣ transactivation activity is mediated by the synergistic interaction of two domains designated AF1 and AF2. The function of AF2 is to recruit coactivator and corepressor proteins that allow ER␣ to oscillate between the roles of transcriptional activator and repressor. In contrast, the mechanism responsible for AF-1 transcriptional activity is not completely understood. In this study, we identified tristetraproline (TTP) as a novel ER␣-associated protein. TTP expression in MCF7 cells repressed ER␣ transactivation and reduced MCF7 cell proliferation and the ability of the cells to form tumors in a mouse model. We show that TTP transcriptional activity is mediated through its recruitment to the promoter region of ER␣ target genes and its interaction with histone deacetylases, in particular with HDAC1. TTP expression attenuates the coactivating activity of SRC-1, suggesting that exchange between TTP and other coactivators may play an important role in fine-tuning ER␣ transactivation. These results indicate that TTP acts as a bona fide ER␣ corepressor and suggest that this protein may be a contributing factor in the development of E2-dependent tumors in breast cancer.
The estrogen receptor ␣ (ER␣) 4 is a ligand-activated transcription factor that mediates the effects of the hormone estro-gen (17␤-estradiol; E2) on cell proliferation and differentiation in normal mammary gland. However, ER␣ is also associated with tumor development and progression in 70 -80% of breast cancer patients (1) . ER␣ is a 595-amino acid protein characterized by the presence of functionally independent domains that include a DNA-binding domain (DBD), a ligand-binding domain, and two transactivation domains designated AF1 and AF2, respectively (2) . AF1 is located at the N-terminal region of ER␣, and its transcriptional activity is constitutive. In contrast, AF2 is located at the C-terminal region of the nuclear receptor and exhibits ligand-dependent transcriptional activity (3, 4) . Both domains mediate ER␣ transactivation activity through the synergistic interaction of their unique functional properties.
The mechanism responsible for ER␣ transactivation is best understood in the context of AF2. This transactivation domain acts as a docking interphase for the recruitment of coactivator or corepressor protein complexes. Mechanistically, the binding of E2 induces a major structural rearrangement in ER␣, enabling the ligand-binding domain/AF2 domain to interact with multiple coactivator proteins (5, 6) . Coactivators, such as SRC-1, SRC-3, and CBP/p300, possess histone acetyltransferase activity, which enhances transcriptional activation through the relaxation of chromatin structure (7, 8) . In the absence of E2, AF2 interacts with repressor protein complexes that include NCoR and SMRT and histone deacetylases (HDACs) (9, 10) that promote chromatin condensation (11, 12) . The exchange of coactivators and corepressors constitutes the basis of a sophisticated regulatory mechanism that finetunes ER␣ transactivation activity and allows this transcription factor to oscillate between the roles of activator and repressor of gene expression (13) .
In contrast, the mechanism responsible for the E2-independent transcriptional activity of AF1 is not clearly understood. Molecular and functional studies have shown that phosphorylation of several serine residues in AF1, in particular serine 118, plays a key role in the cross-talk between the steroid and growth factor-dependent signal transduction pathways (14, 15) . This process is thought to play an important function in the coordinated regulation of multiple genes by mitogenic stimuli in hor-monally responsive normal tissues, and it has been associated with tumor development and resistance to endocrine therapy in breast cancer (16) .
It has been proposed that the different functions of AF1 are mediated by a mechanism that involves its interaction with different coregulator proteins (17) . However, only a small number of AF1-associated coregulators have been identified, including BTF3 (basal transcription factor 3), SRA1 (steroid receptor RNA activator), RNA-binding DEAD-box proteins p72/p68, CoCoA (coiled-coil coactivator), hMMS19 (human homologue of the yeast nucleotide excision repair gene MMS19), SPBP (stromelysin-1 platelet-derived growth factor-responsive element-binding protein), and Smad4 (18 -24) . The highly diverse nature of these cell factors suggests that the different AF1 functions may be mediated by a vast collection of coregulators that need to be identified in order to understand the contribution of this domain to ER␣ transactivation.
In this report, we used a yeast two-hybrid screen to identify novel AF1-associated coregulators of ER␣. Our results identified a 326-amino acid protein, containing two zinc finger motifs, that had been previously identified as G0S24/ZFP36/ TTP (hereafter TTP) (25, 26) . Expression of TTP in MCF7 cells reduces ER␣ transactivation by interacting with its AF1 and DNA-binding domains. We demonstrate that TTP and ER␣ are recruited to the promoter region of the E2-responsive pS2 gene, suggesting that TTP functions as a bona fide nuclear receptor corepressor. We show further that TTP transcriptional activity is mediated through its interaction with histone deacetylases, in particular with HDAC1. Finally, we show that TTP interaction with ER␣ reduces proliferation of MCF7 cells and their ability to promote tumor formation in mice. We propose that TTP functions as a tumor suppressor through the down-regulation of ER␣ transactivation and suggest that its expression may be an important factor in tumor development in breast cancer.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Estradiol (17␤-estradiol), 4-hydroxytamoxifen, and Geneticin (G418) were from Sigma-Aldrich, and [ 35 S]methionine was purchased from Promega. Human ER␣ antibody was purchased from Santa Cruz Biotechnology, Inc., and anti-FLAG antibody and TTP polyclonal antibody were from Sigma-Aldrich. Anti-HDAC1 and anti-SRC-1 antibodies were from Cell Signaling Technology, Inc. TTP knockdown assays were performed using TTP siRNA mixture and control siRNA from Santa Cruz Biotechnology. Lipofectamine 2000 was purchased from Invitrogen.
Plasmids-pcDNA3.1-ER␣ and ERE-Tk-LUC vectors were kindly provided by Dr. W. Lee Kraus (Cornell University), and pcDNA-SRC-1 and pcDNA-SRC-3 were a gift of Dr. R. Kurokawa (Saitama Medical University). Human full-length TTP mRNA (GenBank TM accession no. NM_003407.3) was amplified by RT-PCR and cloned into the mammalian expression vector pcDNA3.1 (Invitrogen), and FLAG-tagged proteins were expressed using the mammalian expression vector pCMV-3Tag-1A (Agilent Technologies, Santa Clara, CA). Glutathione S-transferase (GST)-TTP full-length and deletion constructs were generated by subcloning into GST pGEX-4T-1 (Amersham Biosciences). The sequences of all constructs were verified by DNA sequencing at LARAGEN Inc. (Culver City, CA). The 5XUAS-Tk-LUC reporter construct and PM vector used to express TTP and HDAC1 as fusion proteins with the heterologous DNA-binding domain of GAL4 were a gift from Dr. Xiang-Jiao Yang (McGill University). FLAG-tagged HDAC1, HDAC2, HDAC3, and HDAC7 in the mammalian expression vector pCMXFLAG were kindly provided by Ron Evans (University of California, San Diego).
Yeast Two-hybrid Screening-A yeast two-hybrid screen was performed using the matchmaker two-hybrid system kit (Clontech). Briefly, a cDNA fragment encoding the AF1 domain (amino acids 1-180) of ER␣ was subcloned into the pAS2.1 vector. A human mammary gland cDNA library in pACT2 plasmid was screened with bait construct pAS2.1/AF1 using sequential polyethylene glycol/lithium acetate transformation, according to the manufacturer's instructions.
Y190 yeast cells harboring pAS2-1/AF1 and transformed with the cDNA library were plated on medium lacking tryptophan, leucine, and histidine (SD/ϪLeu ϪTrp ϪHis) containing 25 mM 3-amino-1,2,4-triazole and incubated for 2-4 days at 30°C. The resulting colonies were assayed for ␤-galactosidase activity. The positive AD plasmids were transformed into Escherichia coli DH5␣ cells for DNA sequencing and identification using BLAST analysis.
Immunofluorescence and Confocal Microscopy Studies-The cellular location of ER␣ and TTP was determined by indirect immunofluorescence. Briefly, MCF7 cells were grown on glass coverslips and fixed with freshly prepared 3% paraformaldehyde solution. The cells were incubated first with primary antibodies and then with secondary antibodies conjugated with Alexa-546 (red) and Alexa-488 (green; both from Molecular Probes, Inc., Eugene, OR). Prolong-Gold Antifade reagent with DAPI (blue; Invitrogen) was used to counterstain the DNA. Confocal scanning analysis was done using an Olympus BX51 W1 confocal microscope. Each slide was examined for each stain at three excitation wavelengths (488, 546, and 633 nm).
Cell Culture and Transfection Assays-HepG2, CV-1, MCF7, and ZR75-1 cells were obtained from the American Type Culture Collection (Manassas, VA) and maintained in ␣-minimum Eagle's medium supplemented with 5% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin in a humidified atmosphere containing 5% CO 2 at 37°C. Cells were seeded into tissue culture dishes containing phenol red-free DMEM supplemented with 5% charcoal/dextran-treated FBS and cultured for 36 -40 h before all experimental treatments with hormone. Cells were transfected using the calcium phosphate-DNA coprecipitation method, which typically included 2 g of ERE-Tk-LUC reporter, 0.1 g of pCMV␤Gal (transfection control), 1 g of pcDNA3.1-ER␣, and 0.25-1.0 g of pcDNA3.1-TTP or other test vector. After 6 h, the cells were washed twice with phosphate-buffered saline and treated with either 100 nM E2 or carrier (ethanol) for 48 h in phenol red-free DMEM supplemented with 5% stripped FBS. Cells were then washed and harvested in potassium phosphate lysis buffer containing 1% Triton X-100. Luciferase and ␤-galactosidase activities were measured using a monolight 3010 luminometer (Pharmingen). Cell lines stably overexpressing TTP were generated by transfecting MCF7 cells with pCMV-3Tag-TTP using Lipofectamine and, after 48 h, selected in medium containing G418 (500 g/ml). For TTP knockdown assays, siRNA-specific mixture and siRNA control duplexes were purchased from Santa Cruz Biotechnology and transfected using Lipofectamine. Reduction in TTP expression was determined by Western blot using anti-TTP antibody.
Immunoprecipitation and Western Blot-MCF7 or MCF7/ TTP cells were lysed with TNTE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100 plus a mixture of protease and phosphatase inhibitors). Proteins were immunoprecipitated with mouse monoclonal anti-ER␣, anti-TTP, or anti-FLAG antibodies. Immunoprecipitated proteins were separated by SDS-PAGE, and Western blot analysis was performed using specific primary antibodies anti-TTP, anti-HDAC1, or anti-ER␣ and anti-rabbit secondary HRP-conjugated antibody (Pierce). Proteins were visualized using an enhanced chemiluminescence assay (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific).
GST Pull-down Assay-In vitro transcription and translation of the TTP and ER␣ proteins were done using the TNT transcription/translation system (Promega) in the presence of [ 35 S]methionine. The GST pull-down assays were done by incubating equal amounts of GST and GST-TTP on GST beads (Amersham Biosciences) with in vitro-translated recombinant protein ER␣ domains. Bound proteins were isolated by incubating the mixture for 3 h at 4°C and then washing five times with Nonidet P-40 lysis buffer (20 mmol/liter Hepes, pH 7.9, 100 mmol/liter NaCl, 1 mmol/liter EDTA, pH 8.0, 4 mmol/liter MgCl 2 , 1 mmol/liter DTT, 0.02% Nonidet P-40, 10% glycerol, and 0.5 mmol/liter PMSF) and sonicated. The proteins were eluted with a 2ϫ Laemmli sample buffer, separated by SDS-PAGE, and visualized by autoradiography or immunoblot.
Chromatin Immunoprecipitation Assay-Chromatin immunoprecipitation (ChIP) assays were done as described previously (27) . Equal amounts (2 mg) of protein-chromatin complexes were used for each sample. Before immunoprecipitation, 10% of each chromatin solution was set aside for use with input DNA. Chromatin immunoprecipitation was carried out at 4°C overnight with 2 g of specific antibody. PCR analysis was done with primers for the pS2 gene promoter region (Ϫ355 to Ϫ192) or 3 kb upstream of the pS2 promoter to serve as a negative control region (Ϫ3947 to Ϫ 3639). PCR was performed for 26 cycles, and the resulting PCR products were resolved on a 2% agarose gel and visualized with ethidium bromide. The sequences of the pS2 promoter primers were 5Ј-CCGGCCAT-CTCTCACTATGAA-3Ј and 5Ј-AGATCCCTCAGCCAAGA-TGACC-3Ј. For the control pS2 upstream region, the primers used were 5Ј-AGCTGGGTGTCCTTGTAAAG-3Ј (sense) and 5Ј-GATCCACTTCCTCCCAAAC-3Ј (antisense).
Proliferation Assay-MCF7 and MCF7/TTP cells (1.5 ϫ 10 5 cells) were plated on 6-well plates and incubated in serum-free medium for 24 h to induce cell cycle synchronization. After this period, the cells were washed and incubated in E2-supplemented medium for 0, 24, 48, and 72 h. Cells were trypsinized, washed twice with PBS, and resuspended in normal medium. Trypan blue was added to the cultures to a final 1:10 dilution, and after 5 min, the cells were counted using a Neubauer chamber.
Mouse Xenotransplantation Experiments-A group of six nude mice (age 5-6 weeks) (Instituto Nacional de Nutricion y Ciencias Medicas) were subcutaneously injected with 3 ϫ 10 6 control MCF7 cells or with 3 ϫ 10 6 MCF7/TTP cells in 50% Matrigel into the left or right flanks of the animals, respectively. All animal were subdermally stimulated with estradiol (50 g/week) for the duration of the experiment (28). After 7 weeks, the animals were sacrificed, and the tumors were extracted to be measured and weighed. All animal procedures were done in compliance with the Canadian Council on Animal Care and the guidelines for the ethical treatment of laboratory animals of the Instituto de Investigaciones Biomedicas, Universidad Nacional Autónoma de México.
Statistical Analysis-Each transfection and chromatin immunoprecipitation assay was performed by triplicate in three different experiments using different cell cultures and chromatin preparations, respectively. Data are presented as mean Ϯ S.E. Statistical significance was analyzed at 0.05 levels of significance using Student's t test.
RESULTS
Identification of TTP as an AF1-associated Protein-In order to identify new ER␣ coregulators that recognize its AF1 domain we used the N-terminal region of ER␣ (amino acids 1-180) as bait in a yeast two-hybrid screen of 5 ϫ 10 6 independent clones of a human mammary gland cDNA library. Three of the isolated cDNA clones encode a 326-amino acid protein containing two zinc finger motifs and several proline-rich regions. Sequence analysis using the BLAST program of the National Center for Biotechnology Information showed that the candidate protein had been previously described as tristetraproline (TTP), G 0 /G 1 switch regulatory protein 24 (G0S24), and zinc finger protein 36 (ZFP36).
TTP Colocalizes in the Cell Nucleus with Estrogen Receptor ␣-Immunostaining of E2-stimulated MCF7 breast cancer cells with anti-ER␣ antibody (green) showed ER␣ predominantly localized in the cell nucleus ( Fig. 1A , ii). Incubation of MCF7 cells with anti-TTP antibody ( Fig. 1A , iii) demonstrated that although TTP is present in the cytoplasm and in the nucleus (red), it is more abundant in the cell nucleus, where it colocalizes (yellow) with ER␣ ( Fig. 1A, iv) .
TTP Interacts with ER␣-The potential interaction between TTP and ER␣ in vivo was examined by coimmunoprecipitation assays in ER␣ ϩve MCF7 and ZR75-1 cells. Endogenous TTP protein present in MCF7 or ZR75-1 protein extracts was immunoprecipitated with anti-TTP antibody. The interaction with ER␣ was evaluated by immunoblotting using anti-ER␣ antibody. Our results showed that TTP is associated with ER␣ in MCF7 and ZR75-1 cells in vivo (Fig. 1, B and C, IP: ␣-TTP). The interaction between TTP and ER␣ was confirmed by a reciprocal coimmunoprecipitation assay in which protein extracts from MCF7 cells were immunoprecipitated with anti-ER␣ antibody, and the presence of TTP was visualized by Western blot using anti-TTP antibody ( Fig. 1D , IP: ␣-ER␣). As a control, 10% of the protein extracts used in each immunoprecipitation assay were analyzed by Western blot using anti-TTP or anti-ER␣ to confirm the presence of the proteins (Fig. 1, B 
-D, Input lanes).
To determine the protein domains involved in TTP and ER␣ interaction, we performed GST pull-down assays to evaluate the ability of [ 35 S]methionine-labeled ER␣ to interact with fulllength TTP or TTP truncated mutant proteins containing amino acids 1-189 (NtZn), amino acids 1-74 (Nt⌬Zn), amino acids 74 -326 (ZnCt), amino acids 189 -326 (⌬ZnCt), and amino acids 74 -189 (Zn) ( Fig. 2A, top) . The results showed that ER␣ interacts with full-length TTP and with the TTP mutant fragments ZnCt, NtZn, and Zn, but the interaction with fulllength TTP and the C-terminal fragment ZnCt, containing the two zinc finger domains, was much stronger than with the other TTP fragments ( Fig. 2B , ER␣ fl panel). In contrast, the TTP fragments Nt⌬Zn and ⌬ZnCt, in which the two zinc finger domains were eliminated, failed to interact with ER␣ ( Fig. 2B , ER␣ fl panel). These results suggest that the zinc finger domains in TTP mediate its interaction with ER␣. Binding was absent with GST alone, suggesting that the interaction between TTP and ER␣ is specific ( Fig. 2B , GST lane). To identify the region of ER␣ that interacts with TTP, GST fusions were made with its N-terminal fragment (amino acids 1-305, AF1/DBD) and C-terminal fragment (amino acids 185-595, DBD/AF2) and with the DNA-binding domain (amino acids 180 -302, DBD) ( Fig. 2A, bottom) . The [ 35 S]methionine-ER␣ fragments were evaluated by their ability to interact with the GST-TTP fragments (Fig. 2B ). The experiment revealed the both AF1/DBD and DBD/AF2 interacted with the zinc finger containing C-terminal fragment of TTP (ZnCt), but the interaction between AF1/DBD and ZnCt was much stronger (Fig. 2B , AF1/DBD and DBD/AF2 panels). When we tested the ER␣ DBD region alone, it showed a strong interaction with all GST-TTP proteins containing the zinc finger motifs (TTP fl, NtZn, ZnCt, and Zn) and failed to interact with the N-terminal and C-terminal TTP fragments in which the zinc finger domains were absent (Nt⌬Zn and ⌬ZnCt) ( Fig. 2B, DBD panel) . These results indicate that the TTP binding to ER␣ is mediated through interaction between the N-terminal AF1/DBD domain of the receptor and the zinc finger domain of TTP. Interestingly, even when TTP was isolated using the AF1 domain of ER␣ (amino acids 1-180), TTP shows a stronger interaction with the DBD region of the receptor (amino acids 180 -302). Expression and purity of GST-TTP proteins and of [ 35 S]methionine-labeled ER␣ proteins were evaluated by PAGE and visualized by Coomassie staining or autoradiography analysis, respectively (Fig. 2 , C and D).
TTP Exhibits Intrinsic Transcriptional Activity-To test whether TTP possesses transcriptional activity, it was expressed as a fusion protein with the heterologous DNA-binding domain of the yeast transcription factor GAL4 (GAL4-TTP). GAL4-TTP was cotransfected into MCF7 cells with the vector 5XUAS-Tk-LUC containing the luciferase reporter gene under the control of the constitutive Tk promoter, which is located downstream of five GAL4-responsive element repeats (upstream activating sequence; UAS) ( Fig. 3A, top) . The luciferase activity of GAL4-TTP-expressing cells was compared with the activity observed in control MCF7 cells transfected with the pMGal4-DBD construct expressing the GAL4-DNA-binding domain alone (GAL4) (Fig. 3, bottom) . Our results showed that the presence of GAL4-TTP in MCF7 cells repressed transcription of the luciferase reporter gene by about 80% with respect to the control GAL4 (Fig. 3 , GAL4-TTP). As a control, we transfected MCF7 cells with a GAL4 construct of histone deacetylase 1 (GAL4-HDAC1) as a reference transcriptional corepressor factor. GAL4-HDAC1 reduced luciferase transcription by 87% ( Fig. 3, GAL4-HDAC1 ), suggesting that both TTP and HDAC1 have similar transcriptional repressor activities when expressed as GAL4 fusion proteins.
TTP Represses ER␣ Transcriptional Activity-To explore the effect of TTP on ER␣ transactivation, we performed transient transfection assays in ER␣ Ϫve CV-1 cells and in ER␣-expressing HepG2, MCF7, and ZR75-1 cells. In these experiments, pcDNA3.1-TTP was the source of TTP, and the vector ERE-Tk-LUC was used as the indicator of ER␣ transcriptional activity. CV-1 cells were also transfected with pcDNA3.1-ER␣. All three cell lines showed baseline luciferase activity that increased upon E2 stimulation (Fig. 4, A-D) . TTP overexpression in the four cell lines produced a dose-dependent repression of ER␣ transactivation activity. Transfection with 250 or 500 ng of pcDNA3.1-TTP in the presence of E2 reduced the transcriptional activity of exogenous ER␣ by 55 and 70% in CV-1 cells (Fig. 4A ). The same treatment reduced E2-stimulated ER␣ activity by 55 and 60% in HepG2 cells ( Fig. 4B ), 25 and 75% in MCF7 cells (Fig. 4C) , and 75 and 80% in ZR75-1 cells (Fig. 4D ). In the absence of E2, TTP also reduced the basal ER␣ activity at least by 50%. These results suggest that TTP acts as a transcriptional corepressor of ER␣.
To assess the specificity of TTP-mediated transcriptional repression we evaluated the effect of a specific siRNA-TTP or a control siRNA in the TTP-mediated repression of ER␣ transactivation in MCF7 cells. First, we evaluated the impact of siRNA-TTP or the control siRNA on the protein levels of TTP, ER␣, and GAPDH in MCF7 cells by Western blot (Fig. 4E) . Transfection of two different concentrations of siRNA-TTP (1.25 and 2.5 g) into MCF7 cells produced a significant reduction in the endogenous TTP protein levels in MCF7 cells but had no effect on ER␣ protein levels (Fig. 4E , TTP and ER␣ panels). In contrast, transfection of control siRNA did not affect TTP protein levels, suggesting that the effect of siRNA-TTP was specific. GAPDH protein levels were determined in all protein extracts from MCF7 cells and used as a protein loading control (Fig. 4E, GAPDH panel) . Next, we evaluated the effect of siRNA-TTP on the TTP-mediated repression of ER␣ transactivation. MCF7 cells transfected with TTP showed a 70% . TTP exhibits intrinsic transcriptional activity. TTP transcriptional activity was assayed using the heterologous GAL4-UAS transcription system. MCF7 cells were transfected with Gal4-TTP, Gal4-HDAC1, or the DNA-binding domain of GAL4 alone (GAL4), as the control, and a luciferase reporter containing a promoter with five UAS elements in tandem (5XUAS-Tk-LUC, top). Luciferase activity, from three experiments assayed in triplicate, was normalized with respect to cells expressing GAL4-DBD and is represented as mean Ϯ S.E. (error bars) (bottom). The differences in luciferase activity between MCF7 cells transfected with control GAL4 and MCF7 cells transfected with GAL4-TTP or GAL4-HDAC1 were shown to be statistically significant (p Ͻ 0.05). reduction in ER␣ transactivation compared with control untransfected MCF7 cells (Fig. 4F, TTP) . However, MCF7 cells cotransfected with TTP and siRNA-TTP exhibited a derepression of ER␣ transactivation (Fig. 4F , TTP ϩ siRNA-TTP). These results indicate that TTP-mediated repression of ER␣ transactivation is specific and suggest the possibility that changes in TTP expression levels could have a significant impact on the ER␣ activity in MCF7 cells.
TTP Impairs the Activity of Steroid Receptor Coactivator 1-To explore the mechanism responsible for TTP function as ER␣ corepressor, we studied its effect on the activity of AF2associated coactivators using SRC-1 (steroid receptor coactivator 1) as an experimental model. Control MCF7 cells were transfected with empty pcDNA3.1 vector, and ER␣ activity was determined after the cells were incubated in hormone-depleted or E2-supplemented medium. Estradiol stimulation of control MCF7 cells increased the ER␣ activity 3-fold compared with non-stimulated cells (Fig. 5A ). Transfection of SRC-1 increased both the basal and E2-dependent ER␣ activity by 3.5-and 15-fold, respectively (Fig. 5A, SRC-1) . In contrast, the presence of 0.25, 0.5, and 1.0 g of pcDNA-TTP reduced the SRC-1 effect on ER␣ transactivation by 65, 85, and 90%, respectively (Fig. 5A, TTP) . Next, to test the reversibility of the TTP corepressor effect on ER␣, we evaluated whether increasing SRC-1 concentrations were able to release ER␣ from TTP repression (Fig. 5B ). MCF7 cells were transfected with pcDNA-TTP and increasing concentrations of pcDNA-SRC1 (Fig. 5B) . Our results showed that MCF7 cells transfected with TTP and 0.25, 0.5, or 1.0 g of pcDNA-SRC-1 exhibited an increase in ER␣ activity with respect to MCF7 cells transfected with TTP alone of about 100, 130, and 300%, respectively (Fig. 5B) . To deter- mine the specificity of the TTP-mediated attenuation of SRC-1 coactivator activity, we studied the effect of TTP on ER␣ transactivation in MCF7 cells transfected with SRC-1 or SRC-3, another member of the p160 family of steroid receptor coactivators with histone acetyltransferase activity (Fig. 5C ). Our results showed that transfection of SRC-1 and SRC-3 in MCF7 cells increased E2-dependent ER␣ transactivation by 4-and 7-fold, respectively (Fig. 5C ). In contrast, MCF7 cells that were transfected with SRC-1 or SRC-3 in the presence of TTP exhibited a reduction in ER␣ activity with respect to MCF7 cells transfected with SRC-1 or SRC-3 alone of about 75 and 90%, respectively (Fig. 5C ).
TTP Corepressor Function Requires the Enzymatic Activity of Histone Deacetylases-To facilitate the characterization of the mechanism responsible for TTP transcriptional repressor activity, we generated MCF7 cells that stably overexpress TTP (MCF7/TTP). MCF7 cells were transfected with a pCMV-3TAG-TTP construct that directed the expression of TTP con-taining three FLAG epitopes at its amino terminus (FLAG-TTP). MCF7/TTP cells were characterized using three different experimental analysis. First, expression of FLAG-TTP in protein extracts from MCF/TTP cells was confirmed by Western blot using an anti-FLAG antibody. FLAG-TTP appears as a robust protein band that is not present in control MCF7 cells (Fig. 6A, TTP panel) . Protein extracts from control MCF7 and MCF7/TTP cells were also analyzed by Western blot, using anti-ER␣ antibody to determine ER␣ expression levels. This experiment showed that TTP overexpression in MCF7/TTP cells did not affect ER␣ protein levels (Fig. 6A, ER␣  panel) . Second, we explored whether FLAG-TTP interacts with ER␣ in MCF7/TTP cells in vivo by coimmunoprecipitation assays. FLAG-TTP was immunoprecipitated with anti-FLAG antibody from protein extracts prepared from MCF7/TTP cells incubated in hormone free medium (E2Ϫ) or in the presence of estradiol (E2ϩ). The binding of ER␣ was evaluated by Western blot using anti-ER␣ antibody (Fig. 6B, ER␣ panels) . Our results showed that although FLAG-TTP binds to ER␣ in MCF7/TTP cells grown in hormone-free medium, the presence of E2 reduced the interaction between these proteins (Fig. 6B , IP: ␣-FLAG panel). As a control, 10% of the protein extracts used in each immunoprecipitation assay were analyzed by Western blot using anti-TTP or anti-ER␣ to confirm that the concentration of these proteins was similar in the protein extracts analyzed ( Fig. 6B, Input panels) . Finally, determination of ER␣ activity in MCF7/TTP cells revealed that TTP overexpression reduced both the basal and E2-dependent ER␣ transactivation compared with control untransfected MCF7 cells (Fig. 6C ). In the presence of E2, MCF7/TTP cells exhibited a 8.2-fold reduction in ER␣ activity compared with E2-stimulated control MCF7 cells (Fig. 6C ). All of these results combined suggest that interaction of FLAG-TTP with endogenous ER␣ in MCF7/TTP cells in vivo represses ER␣ transactivation without affecting ER␣ protein levels.
Next, using MCF7/TTP cells, we explored whether TTP function as a repressor of ER␣ is mediated by the enzymatic activity of histone deacetylases. We compared the ER␣ activity of E2-stimulated MCF7/TTP cells in normal medium or in the presence of trichostatin A (TSA), a specific inhibitor of class I and class II histone deacetylases. Treatment of MCF7/TTP cells with 0.1, 0.2, 0.5, and 1.0 M TSA produced a 2-, 2.5-, 4.5-, and 10.5-fold increase in ER␣ transactivation compared with untreated MCF7/TTP cells (Fig. 6D) . These results suggest that TTP corepressor activity requires the enzymatic activity of histone deacetylases.
TTP Interacts with Histone Deacetylases in Vitro and in Vivo-The potential interaction between TTP and HDACs was examined by GST pull-down assays in which we evaluated the ability of full-length TTP to interact with [ 35 S]methionine-labeled class I and II HDACs whose activities are known to be inhibited by trichostatin A. Our results showed that TTP interacts with HDAC1, HDAC2, HDAC3, and HDAC7 but failed to interact with HDAC8 ( Fig. 7A ). HDAC binding was absent when they were incubated with GST alone, suggesting that the interaction between TTP and HDACs is specific (Fig. 7A, GST lane) . The interaction between TTP and HDACs in intact cells was confirmed by immunoprecipitation and Western blot analysis using HDAC1 as an experimental model (Fig. 7B) . Nuclear protein extracts were prepared from MCF7/TTP cells grown in control hormone-free medium (EtOH) or in medium supplemented with E2 or tamoxifen. FLAG-TTP present in the protein extracts was immunoprecipitated with anti-FLAG antibody, and the binding of endogenous HDAC1 was revealed by immunoblotting with a monoclonal anti-HDAC1 antibody (Fig. 7B , IP: ␣-FLAG panel). As shown in Fig. 7B , TTP interacts with HDAC1 in the absence of hormone, but the presence of E2 inhibited the interaction between these proteins (Fig. 7B, EtOH  and E2) . However, treatment of MCF7/TTP cells with the ER␣ antagonist tamoxifen produced an enhancement in the interaction between TTP and HDAC1 (Fig. 7B, Tam) . As a control, 10% of the protein extracts used in each immunoprecipitation assay were analyzed by Western blot using anti-FLAG or anti-HDAC1 antibodies to confirm that FLAG-TTP and HDAC1 were present in similar concentrations in the cell extracts (Fig.  7B, Input panels) .
TTP Is Recruited to the Promoter of the Estradiol-dependent pS2 Gene in MCF7 Cells-We performed ChIP to detect whether TTP is recruited to estrogen response elements (ERE) at the core promoter of the pS2 gene in MCF7/TTP cells in the presence or absence of E2 (Fig. 8A) . After ChIP analysis using anti-ER␣ antibody to enrich for target sequences, a fragment of 163 bp (ERE, Ϫ355 to Ϫ192) of the pS2 promoter could be amplified by PCR from MCF7/TTP cells with or without E2 stimulation (Fig. 8A, IP: ␣-ER␣ panel) . However, the PCR product was slightly more abundant in MCF7/TTP cells stimulated with E2. ChIP analysis of MCF7/TTP cells using an anti-FLAG antibody showed that FLAG-TTP was also recruited to the pS2 promoter ( Fig. 8A, IP: ␣-FLAG panel) . The specificity of ER␣ and FLAG-TTP binding to the pS2 promoter was confirmed when a pair of primers complementary to a DNA region localized upstream of the ERE (control Ϫ3947 to Ϫ3639) failed to produce a PCR product after chromatin immunoprecipitation using either anti-FLAG or anti-ER␣ antibodies (Fig. 8A, control  region) . As a negative control, ChIP analysis was performed using anti-␤-actin antibody, which failed to produce PCR fragments for either ERE or control DNA regions (Fig. 8A, IP: ␣-␤-Actin panel). Based on our results showing that TTP transfection in MCF7 cells attenuates SRC-1 coactivator activity, we next explored whether TTP affects the recruitment of ER␣ and SRC-1 to the promoter of E2-responsive genes. We performed ChIP assays in E2-stimulated MCF7 cells transiently transfected with pCMV-3TAG-TTP or empty pCMV-3TAG vector. The experiments were carried out using anti-FLAG, anti-ER␣, or anti-SRC-1 antibodies (Fig. 8B) . As expected, ER␣ and SRC-1 were found to be present in the pS2 promoter region in control E2-stimulated MCF7 cells (Fig. 8B, MCF7 cells) . Our results showed that the ER␣ recruitment to the pS2 promoter was not affected by FLAG-TTP. In contrast, the presence of FLAG-TTP reduced SRC-1 recruitment to the pS2 promoter ( Fig. 8B) .
To evaluate the functional impact of TTP in the expression of the ER␣-dependent pS2 gene, we used RT-PCR to determine the pS2 mRNA levels in control and TTP-overexpressing MCF7 cells incubated for 24 h in hormone-free medium or in medium supplemented with E2. Control MCF7 cells stimulated with E2 exhibited a 60% increase in pS2 mRNA levels compared with unstimulated MCF7 cells (Fig. 8C, MCF7) . In contrast, E2 stimulation of TTP-overexpressing MCF7 cells resulted in a 10% increase in pS2 mRNA levels compared with MCF7/TTP cells incubated in hormone-free medium (Fig. 8C , MCF7/TTP). To explore the generality of the TTP effect on breast cancer cells, this experiment was repeated using ER␣ ϩve ZR75-1 cells (Fig. 8D, ZR75-1 ). In ZR75-1 cells, TTP overexpression produced a similar result, reducing pS2 mRNA levels in E2-stimulated cells (Fig. 8D) .
TTP Overexpression Reduces Proliferation of MCF7 Cells-Given that ER␣ transactivation plays a key role in cell proliferation in normal mammary gland and breast cancer tumors, we explored whether TTP-overexpressing MCF7/TTP cells proliferate at a different rate than control MCF7 cells. For this assay 1.5 ϫ 10 5 control MCF7 or MCF7/TTP cells were allowed to divide in culture in the presence of E2, and the number of cells was determined at 24, 48, and 72 h. Although at 24 h, the numbers of control MCF7 and MCF7/TTP cells were similar, after 48 and 72 h, the number of MCF7/TTP cells was 43 and 20% lower, respectively, than the number of control MCF7 cells (Fig.  9A) . These results suggest that TTP-overexpressing cells exhibit a slower rate of cell division.
TTP Overexpression Inhibits MCF7 Cell-induced Tumor Growth in Nude Mice-Because TTP overexpression reduced MCF7/TTP cell proliferation, we next determined whether TTP could also affect E2-dependent tumor growth by comparing the tumorigenic potential of MCF7/TTP cells and control MCF7 cells injected subcutaneously in a nude mouse model as described under "Experimental Procedures." The results showed that control MCF7 cells produced tumors in 6 of 6 mice injected with these cells. In contrast, only 4 of 6 mice injected with MCF7/TTP cells were found to have tumors at the end of the experiment (Fig. 9B ). After the tumors were removed, we found that TTP overexpression reduced the volume and weight of tumors by 50 and 40%, respectively, with respect to tumors produced by control MCF7 cells ( Fig. 9, C and D) . These results suggest that TTP expression reduced the tumorigenic potential of breast cancer MCF7 cells.
DISCUSSION
TTP had been previously characterized as 34-kDa protein localized both in the nucleus and cytoplasm of the cell (29) . Structurally, TTP belongs to a family of RNA-binding proteins that are characterized by the presence of two tandem zinc finger domains (30 -32) . Several studies have shown that the function of TTP in the cytoplasm is to use its zinc finger domains to interact with AU-rich elements in the 3Ј-untranslated region (UTR) of mammalian transcripts. TTP binding to mRNAs promotes their degradation through the recruitment of the deadenylase components Not1 and Caf1 (33) . In contrast, the function of TTP in the cell nucleus is not clearly understood. In this investigation, we have identified TTP as a novel ER␣-associated protein in a yeast two-hybrid screen. The interaction of TTP with ER␣ in the nucleus of MCF7 and ZR75-1 breast can-cer cells in vivo was confirmed by coimmunoprecipitation assays.
Our results show that for its binding to ER␣, TTP uses its zinc finger domains to interact with the AF1/DBD domain of the nuclear receptor. The interaction between TTP and ER␣ is different from the binding mechanism used by other nuclear receptor coregulators. For example, coactivators, like SRC-1, and GRIP1/TIF2 use several LXXLL motifs to mediate their ligand-dependent interaction with the AF2 region of nuclear receptors (34) . In the same way, corepressors, like NCOR and SMRT, possess a motif called the corepressor nuclear receptor box that contains the sequence (L/V)XX(I/V)I, which also mediates their interaction with the AF2 domain of nuclear receptors (17, 35, 36) . The absence of LXXLL or (L/V)XX(I/V)I motifs in the TTP sequence is consistent with its preferential binding to the AF1/DBD domain of ER␣.
The impact of TTP on ER␣ activity was assessed by transient transfection assays in ER␣-expressing HepG2, MCF7, and ZR75-1 cells and in CV-1 cells, which are nuclear receptornegative and thus are required to be cotransfected with human ER␣. These results showed that TTP overexpression significantly reduced ER␣ transactivation in all cell lines tested. In contrast, transfection of siRNA-TTP in TTP-expressing MCF7 . PCR amplification of the ϳ163-bp core promoter of pS2 (ERE, Ϫ355 to Ϫ192) or to a region 4 kb upstream of the pS2 promoter (Control, Ϫ3947 to Ϫ3639) was carried out, and DNA products were separated by gel electrophoresis and photographed under UV light. The ChIP assays were performed in MCF7/TTP cells treated with E2 for 45 min before cross-linking. B, FLAG-TTP overexpression affects the recruitment of SRC-1 to pS2 promoter. MCF7 cells were transiently transfected with (ϩ) or without (Ϫ) FLAG-TTP and treated with E2 for 45 min. Chromatin immunoprecipitation assays were performed using anti-FLAG, anti-ER␣, or anti-SRC-1 or without antibody (mock). PCR amplifications were done with primers spanning the ERE region from the endogenous pS2 (163 bp). C and D, TTP reduces pS2 mRNA levels. Control MCF7 and ZR75-1 cells were transfected with or without FLAG-TTP and were stimulated with or without E2 for 24 h. Total RNA isolated from these cell cultures was used to determine pS2 mRNA levels by RT-PCR. GADPH mRNA was used as an expression control. RT-PCR products (shown as duplicate experiments) were separated in agarose gels and visualized under UV light (top panel). Densitometric analysis of pS2 mRNA levels in control and TTP-overexpressing MCF7 (C) or ZR75-1 cells (D) is represented as mean Ϯ S.E. (error bars). Differences in pS2 mRNA levels between control and TTP-overexpressing MCF7 or ZR75-1 cells were shown to be statistically significant (p Ͻ 0.05).
cells resulted in derepression of ER␣ transactivation, suggesting that the TTP repressor effect is specific. Our results also show that the ER␣ protein levels in MCF7 cells were not affected by transient or stable TTP overexpression, suggesting that TTP mRNA destabilizing activity is not involved in the repression of ER␣ transactivation. These results and the finding that both TTP and ER␣ are recruited to the promoter of the E2-responsive pS2 gene confirm that TTP functions as a bona fide ER␣ corepressor in human cells.
Molecular and functional studies have shown that ER␣ can both activate and repress gene expression. The dual function of this nuclear receptor results from the differential recruitment of coactivator and corepressors to its AF1 and AF2 domains. The exchange of coregulators is thought to play a key role in mediating the different functions of ER␣, influence the response to its ligand or synthetic estrogen receptor modulators (37) (38) (39) (40) , and participate in the development of disorders like breast cancer. In this work, we have shown that transfection of TTP in MCF7 cells attenuates the coactivating activity of the AF2-associated coactivator SRC-1 in a dose-dependent manner. However, we also show that increasing concentrations of SRC-1 produce a derepression of ER␣ activity in TTP-expressing MCF7 cells. We showed further that the presence of TTP impairs the recruitment of SRC-1 to the promoter region of E2-dependent genes. These results suggest that exchange between TTP and coactivators like SRC-1 may play an important role in fine-tuning ER␣ transactivation in breast cancer cells.
Our results show that TTP exhibits intrinsic ER␣-independent transcriptional activity capable of repressing the transcription of a luciferase reporter when expressed as a GAL4-DBD fusion protein. Analysis of TTP amino acid sequence revealed that this factor, unlike other coregulator proteins, does not contain a domain with an enzymatic activity that could mediate its transcriptional repressor effect through direct chromatin modification. Alternatively, we propose that the function of TTP as an ER␣ corepressor depends on the recruitment of histone deacetylases. The association of TTP with HDACs was confirmed using different experimental analysis. First, the ability of TTP to repress ER␣ transactivation was impaired when TTP-expressing cells were incubated in the presence of TSA, an inhibitor of class I and II mammalian HDACs. Second, pulldown assays show that TTP can interact in vitro with HDAC1, HDAC2, HDAC3, and HDAC7. Third, coimmunoprecipitation assays confirmed that in MCF7 cells in vivo, TTP is associated with endogenous HDAC1. We show further that association between TTP and HDAC1 is ligand-dependent. Whereas treatment of MCF7 cells with estradiol reduces TTP binding to HDAC1, the presence of tamoxifen enhances the interaction between these proteins. It has been previously shown that in the presence of tamoxifen, promoter-bound ER␣ mediates the sequential recruitment of two different repressor complexes (41) . The first complex contains the corepressor NCoR, HDAC3, and a WD40 repeat protein TBL1 (42) (43) (44) . The second is a chromatin-remodeling protein complex known as NURD (nucleosome remodeling and histone deacetylation) that includes HDAC1 (45) (46) (47) . It has been proposed that the recruitment of different corepressor complexes harboring different HDACs produces a specific combinatorial code of deacetylation of histone tail residues that affects the expression of ER␣-regulated genes (48) . The effect of tamoxifen on the interaction of TTP with HDAC1 suggests the possibility that TTP could interact with a multiprotein corepressor complex like NURD. The TTP-mediated repression of ER␣ transactiva- FIGURE 9 . TTP effects on cell proliferation and tumorigenic potential of MCF7 cells. A, control MCF7 (white circles) and MCF7/TTP cells (black circles) grown in E2-supplemented medium for different times were counted using trypan blue. Results of three independent experiments are represented as mean Ϯ S.E. (error bars). Differences between control MCF7 and MCF7/TTP cells numbers were shown to be statistically significant (p Ͻ 0.05). TTP overexpression reduces the tumorigenic potential of MCF7 cells in a nu/nu mouse model. Two groups of six nu/nu mice were injected with 3 ϫ 10 6 control MCF cells or 3 ϫ 10 6 MCF7-TTP cells, as described under "Experimental Procedures." After 30 days, tumors were isolated (B), and their volume (C) and weight (D) were determined. Tumor volume and weight are represented as mean Ϯ S.E. Differences between MCF7 and MCF7/TTP cell-derived tumors were shown to be statistically significant (p Ͻ 0.05).
tion through the interaction with HDAC1 is a recurring mechanism used by other hormone nuclear receptor corepressors like NCoR, SMRT, RIP140, LCoR, and ZNF366. These corepressors act as docking platforms for the recruitment of protein complexes that include Class I and II HDACs and mSin3A (49) .
Our results on the association of TTP with HDACs partially replicate those previously reported by Liang et al. (50) . This group showed that TTP acts as a corepressor of p65/NF-B interacting with HDAC1, HDAC3, and HDAC7. This finding and the new function of TTP as an ER␣ corepressor suggest that TTP, like other regulatory cofactors, is not exclusive to nuclear receptors, being able to modulate the activity of other DNAbinding transcription factors (51) .
In recent years, different research groups have suggested that TTP functions as a tumor suppressor based on the following evidence. TTP expression is suppressed in different types of cancer tumors and cancer cell lines compared with normal tissues. In breast and prostate cancer, low TTP expression is used as a negative prognostic indicator, and it is associated with rapid tumor progression and poor clinical outcome (52) . The role of TTP as a tumor suppressor has been attributed to its ability to promote the decay of mRNAs encoding cell factors involved in inflammation, angiogenesis, tissue invasion, and metastasis (53) (54) (55) (56) (57) (58) . However, the results presented in this report have substantially extended the known functions of TTP, suggesting that this protein could act as a tumor suppressor through a different mechanism. Our results show that MCF7 cells overexpressing TTP exhibit a significant reduction in ER␣-dependent transcriptional activation and in E2-induced cell proliferation and tumorigenicity potential in mice. It is conceivable that the low TTP expression observed in breast cancer tumors both affects the cytoplasmic mRNA turnover and disrupts the nuclear regulation of ER␣ transactivation, which has been associated with the development and progression of 70 -80% of breast cancer tumors. Further studies will be necessary to explore the potential of TTP in the development of new diagnostic and therapeutic strategies for breast cancer.
